Abstract Silica nanoparticles were synthesized and coated with goethite, creating a nanocomposite. The nanocomposite was tested for removal of arsenic, As(V), from aqueous solutions. We used scanning electron microscopy (SEM), Fourier transform infrared spectrometry, and a Zetasizer to characterize particle size, surface morphology, functional groups, and surface charge of the nanocomposite. SEM results showed that the size of the synthesized silica nanoparticles ranged from 150 to 250 nm. Batch sorption studies were carried out on the adsorption of As(V) as a function of pH, contact time, initial concentration, and ionic strength. Maximum adsorption occurred at pH 3.0. The adsorption capacity did not change significantly with increasing ionic strength. A kinetics study revealed that adsorption of As(V) by the goethite/silica nanocomposite was rapid: Equilibrium was reached within 120 min. Adsorption kinetics followed a pseudo-second-order kinetic model. The adsorption data were analyzed by both the Langmuir and Freundlich isotherm models. The maximum adsorption capacity of goethite/silica nanocomposite for As(V) from the Langmuir isotherm was 17.64 mg g -1 , which is larger than that of several other adsorbents. The nanocomposite adsorbent showed high efficiency in removing arsenic from aqueous solutions, even at low initial concentrations.
Introduction
Arsenic is a toxic metal as well as a carcinogen linked to numerous forms of skin, lung, liver, bladder, and kidney cancers (Smith et al. 1992) . The main source of arsenic is geological activities and anthropogenic activities such as mining, smelting, use of arsenical fertilizers, herbicides and pesticides, and industrial effluents (Smedley and Kinniburgh 2002) . Excessive arsenic concentration in source waters used for drinking is a widespread and severe health problem. Ravenscroft et al. (2009) reported ''tens of millions of people continue to depend on arsenic-polluted groundwater as a source of drinking water and for irrigation''. The problem is especially severe in Bangladesh, Vietnam, China, and India where a significant amount of people are drinking arsenic-contaminated water (Pontinus et al. 1994 , Nickson et al. 1998 . The United States Environmental Protection Agency (USEPA) and World Health Organization (WHO) have lowered the concentration limit of arsenic in drinking water from 50 to 10 lg L -1 (USEPA 2002). The costs incurred to meet this limit are huge: Costs for the USA alone to install and operate arsenic-removal systems have been estimated at several billion US dollars annually (Arrandale 2002) . Clearly, cheaper ways to remove arsenic from water are a significant pursuit.
In natural waters, arsenic exists predominantly in inorganic form as arsenite, As(III), and arsenate, As(V) (Thirunavukkarasu et al. 2001) . In aerobic environments, As(III) is thermodynamically unstable and easily converted to As(V) by oxidizing agents (Van Halem et al. 2009 ). Therefore, it is important to develop a reliable, efficient, and low-cost treatment technique for As(V) removal from water and wastewater. Various treatment methods such as ultrafiltration, ion exchange, coagulation/precipitation, membrane filtration, reverse osmosis, and adsorption have been used for the removal of arsenic from water and wastewater.
Among the above technologies, adsorption is a promising technology due to its high efficiency and costeffectiveness for As(V) removal (Mohan and Pittaman 2007) . Many adsorbents have been reported in the literature for the removal of As(V) such as red mud (Genc-Fuhrman et al. 2004) , iron-modified bamboo charcoal (Liu et al. 2012) , mesoporous alumina (Han et al. 2013) , iron-coated rice husk (Pehlivan et al. 2013 ), granular activated carbonbased iron-containing adsorbents (Gu et al. 2005 ), magnesia or manganese-loaded fly ash cenospheres , iron-oxide-coated sand (Hsu et al. 2008 ), natural and iron-modified zeolite (Baskan and Pala 2011) , and clays (Wainipee et al. 2013) . However, the use of these adsorbents for the removal of As(V) has some limitations due to the disposable of spent media, technical difficulties for the preparation of these adsorbents, and removal of coexisting ions.
In recent years, nanomaterials have attracted more research attention in water treatment and environmental remediation applications due to their remarkable physical and chemical properties. One of the nanomaterials' properties is that most of the atoms are on the surface and these atoms can bind with other atoms that possess high reactivity. Other properties such as large surface area, higher adsorption capacity, mobility, and catalytic potential make nanomaterials excellent adsorbents for the removal of toxic and heavy metals in water and wastewater.
In recent studies, several nanoscale adsorbents such as cupric oxide (Martinson and Reddy 2009) , iron(III) oxide (Prucek et al. 2013) , iron-cerium oxide (Basu and Ghosh 2013) , magnetite-maghemite (Chowdhury and Yanful 2010) , zirconium oxide spheres (Hristovski et al. 2008) , maghemite (Tuutijarvi et al. 2009 ), malachite (Saikia et al. 2011) iron-copper binary oxide , titanium dioxide (Valencia-Trejo et al. 2010) , and zirconium oxide (Hang et al. 2012 ) were used to remove As(V) in aqueous solutions. The authors reported that the abovementioned nanoparticles have a higher surface area and higher adsorption capacity for As(V). In addition to the direct use of nanoparticles, some researchers studied As(V) adsorption using Fe 3 O 4 nanoparticles coated with boron nitride nanotubes (Chen et al. 2011) , nano zero-valent iron coated on activated carbon (Zhu et al. 2009 ), and iron (hydr)oxide nanoparticle-impregnated granular activated carbon (Cooper et al. 2010) . The literature survey suggests that iron oxides or iron oxides coated on various solid surfaces have been extensively studied for the removal of As(V) in aqueous solutions.
Goethite, FeO(OH), also called bog or brown iron ore, is such an iron oxide mineral. It is widely distributed worldwide and found in abundance in numerous locations around the world (Encyclopedia Britannica 2014) . Goethite has been studied as an absorbent for arsenic removal (Chakravarty et al. 2002; Giménez et al. 2007; Lakshmipathiraj et al. 2006; Mamindy-Pajany et al. 2009 ). Chakravarty et al. (2002) reported it as ''major mineral phase'' in their ''low cost ferruginous manganese ore'' which achieved nearly 100 % As removal. A goethite-based adsorbent is sold commercially for As removal under the trade name ''E33 Bayoxide'', although the cost is high at around 25,000 US$ per cubic meter .
While goethite nanomaterials have also been studied (Ghosh et al. 2012) , to our knowledge, goethite has not been previously applied as a coating to nanomaterials. A recent review article by Trujillo-Reyes et al. (2014) on nanomaterials for water and soil remediation cited the need for more studies related to the topic.
Accordingly, the objectives of this study were to (1) synthesize silica nanoparticles and modify the surface of those particles by coating with goethite, creating a nanocomposite, (2) characterize the surface of the goethite/ silica nanocomposite using various instrumental techniques, and (3) conduct batch experiments to study the effect of pH, contact time, ionic strength, and initial concentration on As(V) removal. Reaction kinetics and adsorption capacity were also investigated. The work was performed at Montclair State University in Montclair, NJ, USA, during 2010.
Materials and methods

Materials
All chemical reagents were of analytical grade obtained from Sigma-Aldrich and Fisher and used without further purification. The water used throughout this study was deionized water, purified with a Milli-Q water purification system. A stock solution of 1000 mg L -1 As(V) was prepared by dissolving sodium arsenate in deionized water. Working solutions and standards with a desired concentration of As(V) were prepared from stock solution immediately prior to their use.
Synthesis of goethite/silica nanocomposite
Silica nanoparticles were synthesized using the procedure from Howard and Khdary (2005) modified slightly. Briefly, 250 mL of methanol and 250 mL ammonium hydroxide were mixed in a 1-L conical flask for 5 min using a magnetic stirrer. Then, 5 mL of tetraethoxysilane was slowly added under continuous stirring at 25°C, and the reaction was left for 1 h. The product was centrifuged for 60 min at 4000 rpm, and the supernatant was removed. The silica was rinsed several times with methanol. Finally, the product was dried under vacuum.
Coating with goethite was performed by adding 5 g of silica nanoparticles to 25 mL of solution containing 0.5 g Fe(NO 3 ) 3 Á9H 2 O. The pH of the mixture was increased to 7.0 ± 0.5 with NaOH. The mixture was stirred for 1 h, and the solid was separated and washed with deionized water until the pH of the runoff was constant (pH 6.0-7.0). The resulting solid was dried at 200°C for 6 h and stored in polystyrene bottle for further use.
Analytical methods
The particle size and morphology of synthesized silica nanoparticles and goethite/silica nanocomposite were measured by scanning electron microscopy (SEM, Hitachi, S-3400N). The infrared spectrums for analyzing the functional groups in the adsorbent before and after modification were recorded by attenuated total reflectance Fourier transform infrared spectrometry (ATR-FTIR, Thermo Nicolet 4700). The specific surface area of adsorbent was measured by N 2 adsorption-desorption isotherm using the Brunauer-Emmett-Teller (BET) method on a Belsorp 28 SA apparatus. Surface charge of the silica nanoparticles and goethite/silica nanocomposite was measured by Zetasizer (Malvern nanoseries). A pH meter (Oakton) calibrated with commercial buffers was used to measure the pH in samples. A mechanical shaker (Thermo MaxQ) was used for agitating the samples. The concentration of As(V) in the samples was measured by inductively coupled plasma atomic mass spectrometry (ICP-MS, Thermo X-series). The ICP-MS instrument was equipped with an autosampler, and high-purity argon gas was used to ignite the plasma. The instrument was calibrated with five As(V) standards; every ten samples, one quality control sample (one of the calibration standards) was injected. The concentration of As(V) in the solution was always detectable by ICP-MS, so we did not develop any method for As(V) in this study.
Adsorption studies
Batch sorption studies were conducted in 50-mL plastic centrifuge tubes. Fifty milligrams of goethite/silica nanocomposite was added to 50-mL tubes, which contain 20 mL of various concentrations of As(V) in 0.01 M NaNO 3 solution. The pH was adjusted using 1.0 M HCl or 1.0 M NH 4 OH, and the tubes were shaken at 200 rpm using a mechanical shaker until they reached the equilibrium. All the adsorption experiments were carried at room temperature. The effect of pH (2.0-10.0), contact time (0.1-24 h), ionic strength (0.001-0.25 M), and initial concentration (10-75 mg L -1 ) on the adsorption of As(V) were studied. After the sorption experiments, the samples were centrifuged. The supernatants were further diluted with 1 % HN03 solution and analyzed by ICP-MS for As(V) concentration. The amount of arsenic adsorbed was calculated from Eq. (1)
where C o and C e are the initial and equilibrium concentrations of As(V) in lg mL -1 , q is the As(V) adsorbed (lg g -1 ), V is the volume of the aqueous solution (mL), and M is the mass of the goethite/silica nanocomposite added to the solution (g).
Results and discussion
Characterization of nanoparticles and nanocomposite
The morphologies of synthesized silica nanoparticles and goethite/silica nanocomposite were studied by scanning electron microscopy (SEM). The SEM images in Fig. 1 indicate that the monodispersed particles are spherical in shape. The particle size of the silica nanoparticles and goethite/silica nanocomposite ranged from 150 to 250 nm. Goethite coating onto silica surface did not change the particle size and monodispersity of the original particles (Fig. 1b) . Figure 2 shows the FT-IR spectra of silica nanoparticles (Fig. 2a) and goethite/silica nanocomposite (Fig. 2b) . The spectral images of silica nanoparticles and goethite/silica nanocomposite are very similar, so we subtracted the spectra to get a difference spectrum to identify new peaks (Fig. 2c) . The new peaks at 482 and 915 cm -1 in the subtracted FT-IR spectra confirmed the coating of goethite on the surface of silica nanoparticles, creating a goethite/silica nanocomposite. Additionally, the substitution of iron to silica caused a substantial peak shift of the Si-O-Si stretching band (1067 cm -1 ) to a lower frequency (994 cm -1 ) (Xu and Axe 2005) . The new peak at 1107 cm -1 in the subtracted spectra indicates the extended asymmetric stretching of SiO 4 in the coated particles.
The surface charge of silica and goethite/silica nanocomposite is shown in Fig. 3 . The pH of the points of zero charge (pH PZC ) of silica and goethite/silica nanocomposite was 2.5 and 5.9, respectively. The figure clearly shows that silica particles' surface charge was significantly increased after coating with goethite.
The measured BET surface area of silica nanoparticles was 17.2 m 2 g -1 , and it enhanced to 78.6 m 2 g -1 after coating the surface with goethite. The new peaks in FT-IR subtraction spectra, surface charge, and surface area increase clearly confirmed the coating of goethite onto the surface of the silica nanoparticles.
Effect of pH on the adsorption of As(V)
The effect of pH on As(V) adsorption by goethite/silica nanocomposite at an initial As(V) concentration of 5 mg L -1 , fixed ionic strength (0.01 M NaNO 3 ), and goethite/silica nanocomposite dose of 2.5 g L -1 is shown in Fig. 4 . The figure shows that the adsorption of As(V) by goethite/silica nanocomposite was highly pH dependent. The experimental solution pH was measured after the adsorption experiment, and the pH was similar to the initial value of the solution. The optimal value for As(V) adsorption was observed in the pH range 2.0-4.0. Maximum adsorbed amount and removal efficiency of As(V) were 1.96 mg g -1 and 98.2 %, respectively, at pH 3.0 and initial As(V) concentration of 5.0 mg L -1 . Based on the pH results, we chose pH 3.0 for the rest of the experiments. The pH-dependent behavior of As(V) adsorption onto goethite/silica nanocomposite was mainly caused by the surface charges of adsorbent and various arsenic species at different pH values. The predominant As(V) species exists as negatively charged H 2 AsO 4 -and HAsO 4 2-in the pH range from 2.2 to 11.0. In the experimental study, at pH 3.0 the predominant As(V) species is H 2 AsO 4 -. The lower adsorption free energy of H 2 AsO 4 -when compared to HAsO 4 2-was one of the reasons for favorable H 2 AsO 4 -adsorption over HAsO 4 2- (Chowdhury and Yanful 2010) . The pH ZPC of goethite/silica nanocomposite was determined to be 5.9. At pH below pH ZPC , the solid adsorbent surface is positively charged, whereas at pH above pH ZPC , the solid adsorbent surface is negatively charged. Based on the zeta potential value, goethite/silica nanocomposite' surfaces were positively charged at pH below 5.9. Positive charge attracts the As(V) anions, which resulted in a greater amount of adsorption at acidic pH. Conversely, goethite/silica nanocomposite' surfaces were negatively charged when pH is above 5.9, resulting in electrostatic repulsion with anionic As(V). Therefore, the adsorption of As(V) decreased with increasing pH, and this has been well reported by previous researchers in their work on the adsorption of arsenic by various nanoparticles (Basu and Ghosh 2013; Chowdhury and Yanful 2010; Tuutijarvi et al. 2009; Saikia et al. 2011) . In the present study, the main adsorption mechanism between goethite/silica nanocomposite and As(V) is due to electrostatic attractions.
Effect of ionic strength on the adsorption of As(V)
To identify the adsorption mechanism of As(V) onto goethite/silica nanocomposite, the macroscopic technique of evaluating the ionic strength effect on the adsorption was studied, with results illustrated in Fig. 5 . The ionic strength was adjusted to 0.01-0.25 M NaNO 3 in 20 mg L -1 of As(V) at pH 3.0. Increased ionic strength did not have a significant effect on the adsorption of As(V) onto goethite/ silica nanocomposite, only slightly decreasing the As(V) adsorption capacity (from 7.85 to 7.48 mg g -1 ) and removal efficiency (from 98.3 to 93.4 %).
The lack of dependence on ionic strength suggests that the adsorption of As(V) onto goethite/silica nanocomposite may be following the inner-sphere complex adsorption mechanism (Hayes et al. 1988) . In inner-sphere complexes, the strongly bonded anions do not compete or competed less with the ions of background electrolyte, resulting in a greater adsorption. However, in outer-sphere complexes, the anions compete with the ions of an electrolyte solution and the adsorption can be reduced by increasing the background electrolyte concentration. , and contact time 3 h] Int. J. Environ. Sci. Technol. (2015) 12:3905-3914 3909
Adsorption kinetics
The kinetics of the adsorption is one of the important characteristics for designing appropriate adsorption technologies. The adsorption of As(V) onto goethite/silica nanocomposite as a function of contact time at pH 3.0 and initial As(V) concentration of 5 mg L -1 is presented in Fig. 6 . Adsorption was very rapid for the first 60 min and nearly reached equilibrium after 2 h. As seen from Fig. 6 , nearly 50 % removal of As(V) was observed within 30-min contact time, and the maximum adsorption of As(V) on goethite/silica nanocomposite was reached in about 2 h.
Hence, in the present study, we used 3-h contact time for further experiments.
To elucidate the adsorption kinetics, the pseudo-firstorder (Lagergren 1898 ) and pseudo-second-order (Ho and McKay 1998) kinetic models were used to test the experimental data. Because of poor regression coefficient values, the results of the pseudo-first-order kinetic model are not included here. The pseudo-second-order equation can be written as:
where k 2 (g mg -1 min -1 ) is the rate constant of adsorption, q e is the amount of As(V) adsorbed (mg g -1 ) at equilibrium, and q t is the amount of the adsorption (mg g -1 ) at any time t. Integrating Eq. (2), using boundary conditions q t = 0 at t = 0 and q t = q t at t = t gives
The pseudo-second-order rate constant (k 2 ) and the amount of adsorption at equilibrium (q e ) were calculated experimentally from intercept and slope of a linear plot t/q t versus t (Fig. 7) . The calculated q e value and the pseudosecond-order rate constant values are 1.976 mg g -1 and 0.1001 g mg -1 min -1 , respectively. Figure 7 shows that the regression coefficient (R 2 ) obtained from the pseudosecond-order kinetic model is above 0.999, which indicates that this kinetic model fits the experimental data accurately. , and pH 3.0] Also, the calculated q e value from the pseudo-second-order kinetic model is very close to experimental q e value. The high regression coefficient value and good agreement between calculated and experimental q e values suggested that the adsorption of As(V) onto goethite/silica nanocomposite follows the pseudo-second-order kinetics. Several authors reported in the literature that the pseudosecond-order kinetic model fit the experimental data accurately on the adsorption of arsenic onto cupric oxide nanoparticles (Reddy et al. 2013) , hierarchically porous CeO 2 -ZrO 2 nanospheres , and ultrafine aFe 2 O 3 nanoparticles (Tang et al. 2011) .
Adsorption isotherms
The adsorption isotherms of As(V) on goethite/silica nanocomposite were conducted using initial metal concentrations ranging from 5 to 75 mg L -1 . Two common adsorption isotherms, namely the Langmuir (1918) and the Freundlich (1906) , were used to analyze the adsorption data to estimate the maximum adsorption capacity of goethite/silica nanocomposite.
The expression of the Langmuir model is:
where q e is the amount (mg g -1 ) of As(V) adsorbed at equilibrium, c e is the concentration of As(V) at equilibrium (mg L -1 ), q m is a Langmuir constant related to maximum adsorption capacity (mg g -1 ) of As(V) onto goethitecoated silica nanocomposite, and b (L mg -1 ) is a Langmuir constant. A constant separation factor called equilibrium parameter, R L , was calculated from the following equation to check whether the adsorption is favorable or unfavorable.
where b is the Langmuir constant and c o is the initial concentration of As(V). For a favorable adsorption process, 0 \ R L \ 1. The Freundlich model is expressed as:
where q e is the amount (mg g -1 ) of As(V) adsorbed at equilibrium, c e is the concentration of As(V) at equilibrium (mg L -1 ), k f is a Freundlich constant related to adsorption capacity, and n is a dimensionless Freundlich constant. for the Langmuir isotherm and k f = 11.12 and n = 5.62 for the Freundlich isotherm. The R 2 values for the fit of the data for the two isotherms were 0.97 and 0.92, respectively, indicating that the experimental data were better fit by the Langmuir isotherm than by the Freundlich isotherm. The regression data obtained from both isotherms suggest that As(V) adsorption onto goethite/silica nanocomposite is dominated by a monolayer adsorption process. The maximum sorption capacity of goethite/silica nanocomposite for As(V) estimated by the Langmuir adsorption isotherm model was 17.64 mg g -1 . The R L value for As(V) is 0.012 at the initial concentration of 10 mg L -1 . This suggested that the adsorption of As(V) onto goethite/silica nanocomposite was favorable. Table 1 summarizes the maximum adsorption capacities of goethite/silica nanocomposite and other adsorbents for As(V) removal. This table compares the maximum adsorption capacity of goethite/silica nanocomposite with that of other nanoparticles reported in the literature, as calculated from Langmuir isotherm. In the other sorption studies, the researchers optimized the pH and mass of adsorbent for the removal of arsenic, similar to what was done in this study. Likewise, they also used wide range of initial As concentration adsorption data to calculate the maximum adsorption capacity. The results in Table 1 indicate that goethite/silica nanocomposite provided higher adsorption capacity for As(V) removal than several other adsorbents reported in the literature. The variations in adsorption capacities of various adsorbents for As(V) removal are mainly dependent on adsorbent surface properties. 
Conclusion
A novel goethite/silica nanocomposite was shown to be an efficient adsorbent for the removal of As(V). SEM, FT-IR, Zetasizer, and surface area analyzer data confirmed the synthesis and goethite coating onto silica nanoparticles. The preparation of the modified silica nanoparticles is very simple and low cost when compared to other commercially available sorbents in the market. The As(V) adsorption is highly pH dependent, and the optimal pH was around 3.0. The increase in ionic strength did not show any significant influence on the adsorption of As(V) onto goethite/silica nanocomposite. The kinetic data showed that the adsorption was rapid, 50 % removal of As(V) was obtained within 30-min contact time, and the equilibrium was reached within 2 h. The adsorption kinetics followed the pseudo-second-order kinetic model. The data of As(V) adsorption onto goethite/silica nanocomposite were well fit with the Langmuir isotherm, and the maximum adsorption capacity was found to be 17.64 mg g -1 , which is higher than that of several other adsorbents. To assess the practical applicability of the adsorbent, further study is needed, for example, on its hydraulic properties and its cost to manufacture. 
